We have characterized the adaptations of Helicobacter pylori to a rarely captured event in the evolution of its impact on host biology-the transition from chronic atrophic gastritis (ChAG) to gastric adenocarcinoma-and defined the impact of these adaptations on an intriguing but poorly characterized interaction between this bacterium and gastric epithelial stem cells. Bacterial isolates were obtained from a single human host colonized with a single dominant strain before and after his progression from ChAG to gastric adenocarcinoma during a 4-year interval. Draft genome assemblies were generated from two isolates, one ChAG-associated, the other cancer-associated. The cancer-associated strain was less fit in a gnotobiotic transgenic mouse model of human ChAG and better able to establish itself within a mouse gastric epithelial progenitorderived cell line (mGEP) that supports bacterial attachment. GeneChip-based comparisons of the transcriptomes of mGEPs and a control mouse gastric epithelial cell line revealed that, upon infection, the cancer-associated strain regulates expression of GEP-associated signaling and metabolic pathways, and tumor suppressor genes associated with development of gastric cancer in humans, in a manner distinct from the ChAG-associated isolate. The effects on GEP metabolic pathways, some of which were confirmed in gnotobiotic mice, together with observed changes in the bacterial transcriptome are predicted to support aspects of an endosymbiosis between this microbe and gastric stem cells. These results provide insights about how H. pylori may adapt to and influence stem cell biology and how its intracellular residency could contribute to gastric tumorigenesis. microbial pathogenesis ͉ intracellular bacteria ͉ genome sequencing ͉ functional genomics ͉ gnotobiotic mice
H
elicobacter pylori is a Gram-negative microaerophilic bacterium that typically establishes a lifelong infection in humans after acquisition during childhood (1) . Virtually all hosts develop gastritis but only a small subset progress to chronic atrophic gastritis (ChAG), a condition characterized by loss of acid-producing parietal cells. ChAG is, in certain instances, an antecedent to gastric adenocarcinoma (2) .
Using a germ-free transgenic mouse model of ChAG (Atp4b-tox176), we have found that clinical isolates of H. pylori can establish themselves in dividing and nondividing gastric stem cells (3) . tox176 mice have a genetically engineered ablation of their parietal cells: ablation leads to an expanded population of gastric epithelial progenitors (GEPs) that express NeuAc␣2,3Gal␤1,4-containing glycan receptors for a subset of H. pylori adhesins (4) . In this mouse model, H. pylori invasion appears to be GEP-specific. For example, internalization is not seen in NeuAc␣2,3Gal␤1,4-expressing differentiated mucusproducing gastric pit cells descended from GEPs.
Intracellular H. pylori have also been detected by transmission electron microscopy in preneoplastic and neoplastic gastric epithelium recovered by endoscopic biopsy of the stomachs of infected humans (5) . Although typically viewed as an extracellular pathogen, a ''liaison'' between H. pylori and GEPs may have implications for tumorigenesis. Gastric stem cells are long-lived. The cancer-stem cell hypothesis argues for a stem-cell origin of many tumor types (6) . The concept that a bacterium, classified as a class I carcinogen (7) , can adapt to an intracellular stem cell habitat suggests a potentially novel form of initiation of tumorigenesis and begs the question of how bacterial and host cells establish and coevolve their relationship.
To explore this issue, we have sequenced two H. pylori isolates recovered from the same patient as he progressed from ChAG to gastric adenocarcinoma. These ChAG-and cancer-associated isolates exhibited markedly different fitness in the gnotobiotic transgenic mouse model of ChAG. The interactions of the two isolates with a newly developed cell line derived from mouse gastric stem cells were subsequently characterized by wholegenome transcriptional profiling of host and bacterium, and the results were used to guide analysis of interactions with GEPs in vivo. Isolate-specific molecular correlates of the liaison between GEPs and H. pylori are described and discussed.
Results

A Population-Based Endoscopy Study Yields H. pylori Isolates from a
Single Patient Who Progressed from ChAG to Adenocarcinoma. The original purpose of the now completed ''Kalixanda'' study, conducted in two northern Swedish cities, was to design an endoscopic survey of the upper gastrointestinal tract for a general adult population and explore whether it biases symptom reporting (8). Biopsies for histology and H. pylori culture were obtained from defined regions of the stomach, including its middle and distal portions (corpus and antrum, respectively). A subset of subjects (n ϭ 289), randomly selected from those who underwent endoscopy (n ϭ 1001) and were not treated for H. pylori infection, were reendoscoped four years later. According to then-prevailing Swedish medical practices and the human studies committee-approved study protocol, ChAG diagnosed at Author contributions: M.G., S.L.C., and J.I.G. designed research; M.G. and S.L.C. performed research; S.M.K., L.E., and J.I.G. contributed new reagents/analytic tools; M.G., S.L.C., and J.I.G. analyzed data; and M.G., S.L.C., and J.I.G. wrote the paper.
the initial endoscopy was not considered to be an indication for H. pylori eradication.
A single male patient progressed from ChAG (moderate atrophy grade 2) to non-cardia adenocarcinoma (intestinal type) during the four-year interval. Eighteen H. pylori isolates were recovered from the first endoscopy, and 50 isolates were recovered four years later. A random amplified polymorphic DNA (RAPD) screen did not detect any chromosomal differences between the isolates (data not shown). Because this result suggests initial infection with a single strain, we randomly picked one of the 18 ChAG-associated isolates from the first endoscopy (designated Kx1) and one of the adenocarcinoma-associated isolates from the second endoscopy (Kx2) for further characterization. Both isolates were from the corpus region of the patient's stomach.
Analysis of the ChAG-Associated Kx1 and Cancer-Associated Kx2
Genomes. To examine how H. pylori adapts to changes in the gastric ecosystem associated with the transition from ChAG to adenocarcinoma, we sequenced the Kx1 and Kx2 genomes and compared them to the three reported, finished H. pylori genomes: strain HPAG1 from a patient with ChAG (9), strain 26695 from a patient with gastritis (10), and strain J99 from a patient with duodenal ulcer disease (11) .
Kx1 and Kx2 lacked 31, 64, and 24 genes that were present in HPAG1, 26695, and J99, respectively; 91% of these genes are hypothetical or encode components of restriction-modification systems [supporting information (SI) Table 1 ]. Three genes were present in at least one of the HPAG1, 26695, and J99 strains and in the Kx1 isolate, but not in the cancer-associated Kx2 strain; one of these (JHP1117) has high homology (90% sequence identity) to a gene encoding an exported protein that, when mutated, results in reduced H. pylori motility and the absence of flagella (12) ; the other two are hypothetical proteins (SI Table  2 ). No genes were identified as being present in the Kx2, HPAG1, 26695, and J99 strains and absent in Kx1. No genes were identified as being under positive selection between Kx1 and Kx2. (See SI Table 3 and SI Text for details of five genes found to be under positive selection in the Kx1 and Kx2 versus the other three strains.) Phenotypic Differences Between Kx1 and Kx2 in Vivo. To test whether Kx1 and Kx2 exhibit differences in their fitness, we inoculated one or the other strain into germ-free tox176 mice (single gavage of 2 ϫ 10 8 CFU per strain per mouse) and killed the animals 4 weeks and 6 months later (n ϭ 4-6 mice per bacterial strain per time point sampled). tox176 transgenic mice express an attenuated diphtheria toxin A fragment (tox176) under the control of a parietal cell-specific promoter (nucleotides Ϫ1,035 to ϩ24 of mouse Atp4b), resulting in loss of differentiated members of the two epithelial lineages that are also lost in humans with ChAG (parietal cells and digestive enzyme-secreting zymogenic cells). As noted in the introduction, ablation of these lineages is associated with a concomitant amplification of GEPs (3, 13, 14) . Germ-free rather than conventionally raised animals were used because the latter have a complex gastric microbiota, reflecting their coprophagy, that could confound interpretation of the phenotypes produced by infection with different H. pylori isolates.
The ChAG-associated Kx1 isolate colonized the stomachs of all germ-free mice at both time points (10 of 10 animals; range, 3 ϫ 10 2 to 2 ϫ 10 5 CFUs per stomach). In contrast, only 2 of 10 animals contained viable Kx2 cells, one killed after 4 weeks and one killed after 6 months (SI Fig. 4A ). Immunohistochemistry revealed foci of Kx1 and Kx2 associated with dividing GEPs (Fig.  1) . This statistically significant difference in colonization efficiency (Fisher's exact test, P Ͻ 0.001) indicated that the Kx2 cancer strain has a reduced fitness in a ChAG-like gastric environment.
To verify these results and determine whether there was a differential adaptive immune response to the ChAG and cancer isolates, we collected sera from all mice at their time of killing. ELISA was used to measure levels of IgM, IgG1, and IgG2b isotypes that react with Kx1 and Kx2. Age-matched germ-free tox176 mice served as negative controls. Both Kx1 and Kx2 elicited a comparable IgM response (SI Fig. 4B ), indicating that both had been able to initially colonize the stomachs of tox176 hosts. However, a significantly greater induction of IgG1 and IgG2b occurred in Kx1-compared with Kx2-exposed mice at the 6-month time point (P Ͻ 0.05, Student's t test; SI Fig. 4 C and D). The reduced IgG1 and IgG2b levels are consistent with the reduced ability of Kx2 to persist in the ChAG-like gastric ecosystem of tox176 mice.
Establishing a Mouse Gastric Epithelial Progenitor (mGEP) Cell Line.
We subsequently turned to the question of whether the clinical isolates evoke different transcriptional responses in GEPs. To do so, we generated a GEP-like cell line that could be cultured and infected under defined (controlled) conditions. GEPs were amplified in FVB/N transgenic mice by expressing SV40 TAg under the control of the same Atbp4 regulatory elements used to direct expression of tox176. This resulted in progenitor entrapment/amplification because of a block in the differentiation of oligo-potential preparietal progenitors to mature parietal cells. A cloned cell line was then established from the stomachs of these mice (see refs. 14 and 15 and Materials and Methods for details).
Several lines of evidence indicated that this mGEP cell line resembled GEPs present in the intact mouse stomach. First, transmission EM studies established that mGEPs had morphologic features of preparietal cell progenitors present in the isthmal stem cell niche of gastric units that line the stomachs of normal (nontransgenic) conventionally raised and germ-free mice (SI Fig. 5A ). Second, immunohistochemical studies established that mGEPs express readily detectable levels of a number of biomarkers that are enriched in gastric stem cells in vivo (16) (e.g., SI Fig. 5 B and C) . Third, an Ingenuity Pathways Analysis (IPA) (www.ingenuity.com)-based comparison of the transcriptomes of mGEPs (''present'' calls by Affymetrix GeneChip software) and a control nonprogenitor Gastric Epithelial Cell (npGEC) line that expresses a temperature-sensitive SV40 TAg under the control of transcriptional regulatory elements from the IFN-gamma (Inf-␥) gene [shifting these cells to 37°C in the absence of Inf-␥, inactivates SV40 TAg (17) ] revealed that the 978 transcripts uniquely represented in mGEPs are significantly enriched for a number of canonical signaling pathways (Wnt/␤-catenin, G protein-coupled receptor, PI3K/Akt, Pdgf, Igf-1, Sapk/Jnk and integrin); these pathways are also enriched in laser capture microdissected (LCM) GEPs harvested from germ-free tox176 mice compared with their differentiated lineage descendants (16) (SI Tables 4 and 5 ).
Assessing the Impact of Kx1 and Kx2 on the Transcriptional Profile of mGEPs. Low-passage-number mGEP cells were grown to 70% confluency and subsequently infected with the ChAG-associated Kx1 strain, or the cancer-associated Kx2 isolate for 24 h (the time point was selected based on a pilot time course study described in SI Fig. 6 and SI Text). In additional studies, we determined that there was no statistically significant difference in the number of Kx1 versus Kx2 cells that attached to mGEP cells (SI Fig. 7A ). Both strains elicited similar levels of interleukin-6, a marker of NFkB activation by H. pylori (SI Fig. 7B , P ϭ 0.22 in Student's t test).
We were unable to use gentamycin-protection assays to directly compare the relative efficiency of invasion of mGEPs by the Kx1 and Kx2 isolates because the latter isolate was a 1,000-fold more resistant to killing by this antibiotic (data not shown). Therefore, invasion was scored by using a multilabel immunohistochemical assay in which H. pylori antibodies labeled with one fluorescent tag were used to stain infected mGEPs before treatment with saponin, followed by addition of this cell-permeabilizing agent plus the same H. pylori antibody but labeled with a second tag. The results revealed no detectable intracellular bacteria after Kx1 infection, whereas the cancerassociated Kx2 strain was invasive (two independent experiments; SI Fig. 8) .
We also infected the npGEC line with the ChAG-associated Kx1 and cancer-associated Kx2 isolates, and subsequently compared the responses of mGEPs and npGECs to Kx1 and Kx2 to identify progenitor-specific transcriptional responses differentially elicited upon infection with one or the other isolate (one GeneChip per infected cell line per bacterial strain per experiment; n ϭ 3 replicate infections per experiment plus uninfected controls; total of 18 GeneChips).
Twenty-four hours after exposure to Kx1, 1,253 mGEP transcripts were defined as being differentially up-or downregulated compared with uninfected mGEP controls. [See Fig.  2 for experimental design and SI Table 6 for a list of genes that satisfied our selection criteria (defined in Materials and Methods), plus their fold-difference in expression.] Using the same selection criteria, a total of 844 transcripts were defined as significantly changed after infection with Kx2 ( Fig. 2 and SI Table 7 ).
Components of the elicited mGEP transcriptional responses were then identified as being unique to infection with the Kx1 ChAG isolate (556 transcripts; Fig. 2 Table 9 ). By eliminating transcripts that were also differentially expressed in npGECs upon infection with Kx1 or Kx2, we reduced the list to 370 mGEP-specific transcripts that were significantly changed only upon infection with the Kx1 strain ( Fig. 2 ; SI Table 10 ) and 94 mGEP-specific transcripts that were significantly changed only upon Kx2 infection ( Fig. 2 and SI Table 11 ).
Signaling and metabolic pathways significantly overrepresented in the mGEP-and Kx1-or mGEP-and Kx2-specific transcriptional response datasets were identified with IPA software. The results disclosed that the mGEP-and Kx1-specific response was significantly enriched in components of Ppar-, Tgf-␤-, p38 Mapk-, and ephrin receptor-signaling pathways (SI Table 12 ). A number of the genes that were uniquely and differentially expressed upon infection with the Kx1 isolate (SI Table 10 The smaller set of genes whose expression was significantly changed in a mGEP-specific fashion upon infection with the cancer-associated Kx2 isolate (SI Table 11 ) included components of IPA pathways (SI Table 12 ) involved in amino acid metabolism (tryptophan, arginine, proline, and ornithine). Ornithine decarboxylase 1 (Odc1; EC 4.1.1.17), the rate limiting enzyme in polyamine biosynthesis (decarboxylates L-ornithine to putrescine), was up-regulated in mGEPs infected with Kx2 compared with uninfected cells. Interestingly, Odc is a known biomarker of gastric intestinal metaplasia (a precancerous condition), and increases in expression during the transition from ChAG to gastric adenocarcinoma (23) . In addition, expression of antizyme inhibitor 1 (Azin1) was significantly increased in Kx2 versus Kx1-infected mGEPs (2.8-fold-difference in a direct comparison of these samples), whereas there was no significant difference in expression between Kx1 versus Kx2 infected npGECs (Fig. 3A) . Antizymes are enzyme inhibitors that function at the posttranscriptional level (24) . The antizyme inhibitor Azin1 increases the level and activity of Odc (25) . Azin1 is highly up-regulated in human gastric cancer compared with adjacent normal gastric tissue (26) .
The higher levels of Odc and Azin1 expression, documented by GeneChip studies of mGEPs after infection with the cancerassociated Kx2 versus ChAG-associated Kx1 strains, were validated by qRT-PCR (Fig. 3B) . We also confirmed that Odc1 and Azin1 were up-regulated in GEPs in vivo after infection with the Kx2 isolate. To do so, we prepared serial gastric cryosections from the one tox176 mouse that had viable Kx2 after 6 months of infection (judged by CFUs of stomach homogenates). Navigated laser capture microdissection (n-LCM) was used to capture H. pylori-associated cycling progenitor cells marked by BrdU administered 90 min before killing (see SI Text). RNA was isolated from Ϸ30 n-LCM H. pylori-and BrdU-positive progenitor cells (Fig. 1) . Using qRT-PCR, Odc1 and Azin1 mRNA levels in these cells were compared with levels in n-LCM BrdU-positive progenitors harvested from an age-matched germ-free tox176 control. The results revealed statistically significant elevations of both transcripts in Kx2-associated GEPs (Fig. 3C ).
Genome-Wide Transcriptional Profiling of the ChAG-and Cancer-
Associated Strains upon Infection of mGEPs. To address the question of whether Kx1 and Kx2 genes were differentially expressed after a 24-h infection of the mGEP cell line, RNA was prepared from bacteria harvested from the same mGEP cultures that were used to define the host-cell transcriptome, and from Kx1 and Kx2 harvested after a 24-h incubation in cell culture medium alone (n ϭ 2-3 parallel incubations with and without mGEP cells). cRNA targets were generated from each RNA preparation and hybridized to separate custom-designed Affymetrix GeneChips that contained probesets to 1,530 of the 1,536 chromosomal protein-coding genes present in the finished genome of the ChAG-associated HPAG1 strain (9) . Control hybridizations of labeled Kx1 and Kx2 genomic DNA to these HPAG1 GeneChips (9) identified 218 probesets that were associated with ''absent'' calls in either of these two isolates; these probesets were eliminated from our subsequent analysis.
We focused on transcripts that were uniquely regulated by Kx1 or Kx2 upon infection of the mGEP cell line. Sixty-one bacterial genes (SI Table 13 ) were identified as being significantly up-or down-regulated in mGEP-infecting Kx1 bacteria compared with Kx1 cultured in medium alone [see Materials and Methods for selection criteria]. Seventeen of these genes (SI Table 14) were defined as uniquely changed in the ChAG-associated Kx1 isolate after infection of mGEPs (i.e., expression of these genes changed Ͻ1.2-fold in the comparison of Kx2 infection of mGEPs versus Kx2 cultured in medium alone; note that this approach circumvents potential strain-specific hybridization biases to probesets present in our HPAG1-based GeneChip).
The uniquely up-regulated transcripts in Kx1 included a gene encoding cysteine-rich protein A (hcpA), which induces release of Th1-biasing inflammatory cytokines (Inf-␥, interleukin-12, ref. 27 ) associated with evasion of the host immune response (28) . This bacterial response is consistent with our observation that the Kx1 strain is able to better colonize germ-free tox176 mice than the Kx2 strain. Three other genes uniquely upregulated in Kx1 are involved in cell wall and envelope biosynthesis: (i) HPAG10209 is a predicted lipopolysaccharide 1,2-glycosyltransferase [glycosyltransferase family 8 in the carbohydrate-active enzymes (CAZy) database (www.cazy.org)]; (ii) HPAG11094 (UDP-N-acetylglucosamine lipid transferase) also has predicted glycosyltransferase activity (CAZy family 28; EC 2.4.1.227); and (iii) HPAG11028 (spore coat polysaccharide biosynthesis protein C; EC 2.6.1.50) is a predicted aminotransferase. The differential regulation of these genes in the Kx1 versus Kx2 isolates could produce differences in their surface structures that may, in turn, affect the isolates' capacity to persist in the gastric environment of ChAG mice. Another Kx1-specific up-regulated gene, aliphatic amidase E (amiE), is involved, together with urease and arginase, in the production of ammonia and thus should help promote adaptation to a ChAG gastric environment that contains scattered foci of residual acidproducing parietal cells.
Using the same statistical criteria, we identified 101 Kx2 genes that were either up-or down-regulated with mGEP infection (SI Table 15 ); 44 of these changed Ͻ1.2-fold in the same direction upon infection with the Kx1 isolate and thus were classified as genes uniquely changed in the Kx2 cancer isolate after infection of the mGEP cell line (SI Table 16 ). Interestingly, this group . Two genes induced uniquely in Kx2 are involved in amino acid biosynthesis: homoserine kinase (HPAG10397; EC 2.7.1.39) and a predicted ketol-acid reductoisomerase (HPAG10334; EC 1.1.1.86). The latter enzyme is thought to be involved in valine and isoleucine biosynthesis. However, the pathways for valine and isoleucine production are incomplete in Helicobacter, producing auxotrophy for these amino acids (30) . Thus, Kx2 may be better able to use host cell-derived substrates to fulfill this auxotrophic requirement than the Kx1 strain and as a result may be better equipped to function inside a GEP.
The tetA(P) multidrug efflux transporter (HPAG11104) is also uniquely up-regulated (3.4-fold) in the cancer-associated Kx2 isolate. Yeast two-hybrid screens have shown that the product of tetA(P) interacts with a urea transporter (UreI) (31) . Interestingly, tetA(P) is under positive selection in both of the Kx isolates (SI Table 3 ). This observation and the finding that its expression in the cancer-associated strain is greater during infection of mGEPs compared with the Kx1 strain makes this gene a potential biomarker of bacterial adaptation to progression from ChAG to cancer.
Discussion
We have been able to characterize adaptations of H. pylori to a rarely captured event in the evolution of its effect on host biology: the transition from chronic atrophic gastritis (ChAG) to gastric adenocarcinoma. Our analysis focused on the interaction between this bacterium and gastric epithelial stem cells, based on the belief that such an interaction is worthy of investigation both from the standpoint of how bacteria are able to adapt to and influence gastric epithelial stem cell biology and how intracellular residency may contribute to initiation of gastric tumorigenesis.
The experimental design attempted to control several variables that could affect our ability to gain insights into the effects of the ChAG-to-cancer transition on bacterial genome microevolution, and the functional effects that observed genomic changes may have on the progenitor cell-bacterial interaction. First, RAPD analysis of 68 H. pylori isolates obtained from a single host before and after his progression from ChAG to gastric cancer suggested that by the time he developed ChAG, a single H. pylori strain dominated his gastric microbiota. Two isolates were then randomly selected from the panel of ChAGassociated isolates and cancer-associated isolates for deep draft genome sequencing. This approach was designed to control for the large interstrain variations that have been noted among H. pylori isolates obtained from different individuals (32) and to allow the characterization of genomic changes associated with disease progression. Second, phenotypic differences between the sequenced ChAG and cancer isolates were assayed in a gnotobiotic transgenic mouse model of ChAG, where the gastric microbiota and host genotype could be held constant, and in a mouse gastric epithelial progenitor cell line (mGEP) grown under well defined conditions that support attachment, internalization, and intracellular survival of H. pylori. Isolate-specific and progenitor-specific molecular phenotypes were identified from comparisons of infection-related changes in bacterial transcriptomes and the transcriptomes of the clonally derived mGEP cell line and a control mouse gastric epithelial cell line.
Several observations emerge from this study. The two isolates exhibit marked differences in fitness: The ChAG-associated Kx1 strain is a significantly better colonizer compared with the cancer-associated Kx2 strain. The IgG1 and IgG2b host response is reduced in Kx2-colonized mice, whereas the IgM response to both isolates is similar, indicating that, although both strains are able to initially colonize the stomach, Kx1 is more able to sustain a persistent population. The observed difference in fitness, documented at 4 weeks and 6 months after gavage of germ-free mice with the Kx1 and Kx2 strains, could reflect the adaptation of Kx1 to the patient's ChAG environment and changes in the selective pressures placed on Kx2 as cancer evolves.
Our studies also support the notion that the cancer-associated Kx2 strain is more adapted to an intracellular habitat than the ChAG-associated strain. Kx2 has a far greater capacity to invade mGEPs. The increased expression of bacterial ketol-acid reductoisomerase observed upon mGEP infection by the Kx2 compared with Kx1 strain suggests that Kx2 may be more capable of overcoming its auxotrophic requirements for valine and isoleucine by establishing residency within stem cells.
The cancer stem cell hypothesis argues for an adult stem cell origin of several types of tumors (6) . Given the strong association between H. pylori infection and gastric cancer (7), it is intriguing to conceptualize the observed bacterial-progenitor cell interaction as a dynamic coevolving relationship that provides an intracellular microhabitat for H. pylori but also affects the risk for malignant transformation. Our comparative studies of the Kx1 and Kx2 strains support this concept. The cancer-strain induces higher levels of expression of ornithine decarboxylase (Odc1) and antizyme inhibitor (Azin1) (an inhibitor of ornithine decarboxylase's inhibitor) in cultured mGEPs and up-regulates these transcripts in GEPs recovered by navigated laser capture microdissection from the stomachs of colonized gnotobiotic transgenic tox176 mice. There are no proteins encoded in the five sequenced H. pylori genomes (Kx1, Kx2, HPAG1, J99, and 26695) that have homologies to Odc, agmatinase or agmatine deiminase, which produce putrescine. However, all have a spermidine synthase (EC 2.5.1.16), which uses putrescine and Sadenosylmethioninamine as substrates to produce spermidine. Polyamines such as spermidine stimulate growth of bacteria (33) and a variety of cultured mammalian cell types and human tumors (34) . Thus, regulation of polyamine availability by intracellular H. pylori could affect the proliferative status of GEPs. Intriguingly, Odc exhibits increased expression in gastric adenocarcinoma compared with tissue without metaplasia (23) .
Additional factors likely affect the outcome of this intimate association between H. pylori and gastric epithelial stem cells. Compared with the ChAG-associated Kx1 strain, Kx2 infection of mGEPs results in lower levels of expression of several tumor suppressors, including Kangai1: Its lower expression correlates with poorer prognosis in human gastric cancers (21) . At the same time, Kx2 produces relatively lower levels of expression of components of the ephrin-receptor signaling pathway-a pathway that affects the proliferative status of gut stem cells (18) . The distinct regulation of sets of genes involved in mGEP cellular proliferation by the ChAG-associated Kx1 and cancer-associated Kx2 isolate lends credence to the notion that the two strains, isolated 4 years apart as their human host progressed from ChAG to cancer, may make different contributions to initiation versus progression and maintenance of tumorigenesis.
Materials and Methods
mGEPs (passages 4 -7) were seeded at 4 ϫ 10 5 cells per T75 flask (Corning) in RPMI medium 1640 (Sigma) supplemented with 10% FBS (Hyclone) and grown for 3 days at 37°C to 70% confluency. Medium was then removed. H. pylori, which had been grown to log phase in Brucella broth (BB) plus 5% FBS and 1% IsoVitaleX (Becton Dickinson; adjusted to pH 7.0), then spun down, washed in PBS, and resuspended in fresh cell culture medium, was added to the flasks (3-6 ϫ 10 8 bacteria per flask). After a 24-h incubation at 37°C, supernatants were collected for IL-6 assays (mouse IL-6 Eli-pair kit; Diaclone Research). Residual medium and nonattached bacteria were washed off from mGEPs, using PBS, and the cells were harvested by trypsinization [5 min at 37°C; 0.05% trypsin (Sigma) and 0.02% EDTA]. After neutralization with ice-cold medium and a PBS wash, cells were flash-frozen in liquid nitrogen. The infection protocol used for npGECs was identical, but the cells were shifted from 33°C to 37°C for 3 days before infection to inactivate the ts-SV40 TAg.
